We determined that mitochondrial respiration reduced cytosolic oxidant stress in vivo and scavenged extramitochondrial superoxide anion (0) 
Introduction
The superoxide anion (O 2 ) has attracted intense scientific scrutiny since the discovery of superoxide dismutase (SOD) (1) uncovered the ubiquitous presence of this oxygen radical in aerobic organisms. The past quarter century has seen an explosion in our knowledge of how 0 2 and other reactive oxygen species, including hydrogen peroxide (H202) and the hydroxyl radical ('OH), are formed and react in biological systems (2) . Reactive oxygen species are now known to play useful roles, such as bacterial killing by neutrophils and macrophages, as well as to contribute to pathologic states such as ischemiareperfusion injury, radiation damage, and aging. In the normal state, complicated systems tightly control the intracellular levels of reactive oxygen species and maintain a delicate oxidantantioxidant balance. However, any disruption in this balance can lead to significant cellular damage via oxidation of membrane lipids, DNA, and enzymes.
The intracellular sources of 0 2 generation have also attracted attention. Mitochondria, which account for > 90% of the oxygen consumption in most aerobic cells, generate significant amounts of O 2 and H202 in vitro (3) . Recently, we constructed Saccharomyces cerevisiae strains deficient in Mn-SOD with and without specific concomitant disruptions in electron transport and determined that mitochondrial respiration is a significant source of O 2 in hyperoxia in vivo (4) . To test the hypothesis that vulnerable targets of mitochondrial 0 2 included cytosolic molecules, we constructed yeast deficient in Cu,Zn-SOD with and without concomitant disruptions in electron transport. We predicted that disrupting electron transport would decrease oxygen sensitivity in Cu,Zn-SOD-deficient yeast. To our surprise, loss of electron transport increased oxygen sensitivity in Cu,Zn-SOD-deficient yeast. To examine this apparent paradox, we isolated mitochondria from yeast and tested their ability to scavenge extramitochondrial 0 2. We then extended these studies to isolated yeast mitochondria deficient in Mn-SOD as well as to isolated mammalian mitochondria.
Methods
Construction of yeast deficient in Cu,Zn-SOD. A plasmid containing a deletion construct of the S. cerevisiae sodl gene subcloned into pUCl9 was generously provided by Dr. Edith Gralla and Dr. Joan Valentine at UCLA. The sodl region contained a 0.6-kb deletion in the coding region. The S. cerevisiae gene encoding TRP1 was subcloned into the sodl region at a central Asull site. The recombinant sodl disruption carrying the TRP1 insertion was then linearized, isolated, and used to transform S. cerevisiae strains JM43 and JM43Rho° (Table I) . Transformed yeast which grew on tryptophan-deficient minimal medium agar were screened for the sodl disruption by protein activity gel electrophoresis (5) . The resultant yeast strains were each selectively deficient in Cu,Zn-SOD (Table I) . DGY4 was derived from JM43 and had normal electron transport. DGY5 was derived from JM43Rho°and was completely deficient in electron transport. Spheroplasts were then gently washed twice in buffer containing 1.35 M sorbitol and 2 mM EDTA, pelleted at 4,000 g, and resuspended in 5 ml of buffer containing 0.6 M mannitol, 2 mM EDTA, 0.5% fatty acid-free BSA (Sigma Immunochemicals), 1% Trasylol (Sigma Immunochemicals), 0.5 mM phenylmethylsulfonylfluoride (Sigma Immunochemicals), 0.25 mM Na-p-tosyl-L-lysine chloromethyl ketone (Sigma Immunochemicals), and 0.25 mM N-tosyl-L-phenylalanine chloromethyl ketone (Sigma Immunochemicals). Spheroplasts were homogenized in a tight-fitting Dounce homogenizer, spun at 4,000 g for 10 min, and the supernatant was separated and spun at 7,500 g for 15 min to recover the mitochondrial pellet. Mitochondria were gently resuspended in 100-200 ,Ml of buffer containing 0.6 M mannitol, 20 mM Hepes, 10 mM potassium phosphate (pH 7.4), and 2 mM MgCl2. Confirmation of intact mitochondrial isolation was confirmed for each preparation by measuring the respiratory control ratio in an oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, OH).
Rat liver and lung mitochondria isolation. Freshly harvested livers and lungs from healthy adult male Sprague-Dawley rats were minced and placed in cold buffer. Mitochondria were then isolated by a standard method (6) and viability was established by measuring the respiratory control ratio of each preparation.
Determination of isolated mitochondria SOD activity. All assays were performed in a 2-ml reaction volume containing 50 MM xanthine, 10 MM acetylated cytochrome c (7), and catalase (12 U/ml, Boehringer Mannheim, Mannheim, Germany). In each assay, superoxide anion was generated by adding bovine xanthine oxidase (8) . Cytochrome c reduction was determined by measuring absorbance at 550 nm (9) in a diode array spectrophotometer (Hewlett-Packard Co., Palo Alto, CA). Xanthine oxidase concentration was adjusted to yield a baseline rate of 0.02 absorbance/min and that concentration was then used for each subsequent assay. Baseline SOD activity of freshly isolated yeast, rat liver, and rat lung mitochondria was determined by adding small aliquots ( 10-30 IL) to the reaction mixture and measuring the percent inhibition of cytochrome c reduction (9) . The SOD activity of respiring mitochondria was then determined by measuring the SOD of isolated mitochondria given 10 mM pyruvate and 1 mM malate (10 mM succinate was used with lung mitochondria based on empirical observation that respiration was more efficient with this substrate). The Mn-SOD-deficient strain (4) had preserved Cu,Zn-SOD activity (Fig. 1) (Fig. 2 A) . In contrast, the Rhoo/Cu,Zn-SOD(-) strain had significantly impaired growth in normoxia compared with the parent strain,,the CuZn-SOD(-) strain, and the JM43Rhoo strain (Fig. 2 B) .
Baseline SOD activity of isolated yeast mitochondria. Isolated mitochondria from the parent yeast strain JM43 contained both Mn-SOD and Cu,Zn-SOD enzyme by activity gel electrophoresis (Fig. 3) . By comparison, isolated mitochondria from the Mn-SOD-deficient strain DGY1 had only Cu,Zn-SOD activity (Fig. 3) . In both preparations, the source of the Cu,Zn-SOD enzyme is likely lysosomes and peroxisomes which copurify with mitochondria during isolation ( 11). Superoxide scavenging by isolated yeast mitochondria. Mitochondria isolated from the parent strain JM43 had a significant (P < 0.05) increase in°2 scavenging during respiration induced by pyruvate and malate compared with 0 2 scavenging by resting mitochondria (Fig. 4 A) . In contrast, mitochondria given pyruvate and malate in the presence of antimycin A or FCCP had no significant (P > 0.05) increase in 0 2 scavenging compared with resting mitochondria (Fig. 4 A) . In comparison, Rat liver mitodhondria mitochondria isolated from Mn-SOD-deficient yeast also had a significant (P < 0.05) increase in 02 scavenging during respiration induced by pyruvate and malate compared with resting mitochondria (Fig. 4 B) but no increase (P > 0.05) when given pyruvate and malate in the presence of antimycin A or FCCP (Fig. 4 B) . Superoxide scavenging by isolated rat liver and rat lung mitochondria. Isolated rat liver mitochondria had a significant (P < 0.05) increase in 0°scavenging during respiration inApparent SOD Activity ( duced by pyruvate and malate compared with resting mitochondria but no significant (P > 0.05) increase when given pyruvate and malate in the presence of FCCP (Fig. 5 A) . Isolated rat lung mitochondria also had a significant (P < 0.05) respirationdependent increase in 0 2 scavenging prevented by antimycin A or FCCP (Fig. 5 B) .
Discussion
We determined that mitochondrial respiration reduced oxidant stress in yeast in vivo and that mitochondria isolated from yeast and rat liver and rat lung had a respiration-dependent ability to scavenge extramitochondrial superoxide in vitro. These data argue that mitochondria have a previously unrecognized role in cellular antioxidant defense. Surprisingly, yeast deficient in both Cu,Zn-SOD and electron transport grew poorly in oxygen compared with yeast deficient only in Cu,Zn-SOD, yeast deficient only in electron transport, or the parent strain. While log phase doubling times were slightly prolonged in oxygen for the parent strain and the single mutants, it was markedly prolonged for the double mutant. As neither defect individually had a substantial effect on growth in oxygen, the oxygen sensitivity in yeast with the combined disruptions was unexpected. Furthermore, as yeast deficient in both electron transport and Cu,Zn-SOD grew normally in nitrogen, the growth inhibition in oxygen could reasonably be ascribed to oxidant stress and not an unidentified metabolic defect caused by the combined genetic disruptions.
This initially paradoxical finding in vivo was supported and ( 14) , while a specific mitochondrial catalase has been identified in rat heart and kidney mitochondria ( 15, 16) . Thus, mitochondria are equipped to reduce H202 generated during 01 scavenging.
Mitochondrial superoxide scavenging capacity in vitro was not equivalent in the different mitochondria examined. Liver mitochondria had the smallest respiration-dependent increase (2.8 U/mg protein), with lung intermediate (6.9 U/mg protein), and yeast mitochondria the largest capacity ( 10 U/mg protein). While intrinsic differences between yeast and mammalian mitochondria may account for variations in superoxide scavenging, cellular oxidative stress could also explain these differences. Yeast were harvested during log phase growth in lactate broth in a shaking incubator exposed to a PO2 of -130 mmHg, whereas liver cells are relatively quiescent in the healthy animal and exposed to a PO2 of 40 mmHg. Lung mitochondria are exposed to the ambient alveolar P02 (-80 mmHg). Thus, in this study, mitochondrial superoxide scavenging correlates with the oxygen tension to which the cells were exposed chronically before isolation. An open question at present is whether mitochondrial superoxide scavenging is fixed or responsive to cellular oxidant stress.
These studies reveal a potential role for detoxifying intracellular 01 via mitochondrial respiration. Clearly, respiration evolved as a means of coupling electron transfer to ATP formation and accordingly serves as the primary source of energy production in aerobic cells. However, it appears that mitochondrial respiration, by creating a polarized membrane surface, may provide an adventitial function, i.e., scavenging of cytosolic 01.
Our overall hypothesis is schematically represented in Fig. 6 .
Mitochondrial Scavenging of Superoxide
Mitochondrial respiration appears to be intimately involved in the delicate oxidant-antioxidant balance in aerobic cells. This study suggests that mitochondria may provide a heretofore unobserved role in maintaining the cellular redox status by eliminating 0 2 of both mitochondrial and cytosolic origin.
